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Intensity Microscopy 

Dark-field 
Oblique illumination 
Rheinberg illumination 
Hoffman modulation 
Polarized microscopy 
Phase contrast (Zernike) 
Differential Phase Contrast (Nomarski) 
Ultramicroscope (Siedentopf & Zsigmondy)  

:-)   Some control of the illumination 
:-)   A certain comprehension of the light 

 specimen interaction phenomenon 
:-(  Inherently 2-D 
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Phase Microscopy 
:-(   Usually, one records intensity only 
images 
 
 
Gabor Holography 
Phase Stepping Holography 
Off-Axis Holography 
Front Wave Analyser 
 
=>  One can (now easily) measure 
amplitude and phase of the diffracted field 
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Principle of Holography 

0-Order Order 1 Order -1 

How to get the object wave (order 1) from the fringe pattern? 

Nobel Prize 1971 Physics 
Denis Gabor 

""for his invention and development of the holographic method".". 
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Phase Stepping Holography 
 

I0 I1 I2 I3 

1 

j 

One obtains: 

4 holograms, with 4 different phases of the reference wave 
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Au lieu d’utiliser le décalage de phase présenté avant, on a utilisé la configuration
hors axe. Un avantage par rapport au décalage de phase est la quantité des hologrammes
enregistrés. Un seul hologramme permet de reconstruire correctement l’image de l’objet,
ceci réduit significativement le temps d’acquisition. Par exemple, pour enregistrer 400
angles d’illumination, le temps d’acquisition est 48 s. Sachant qu’en MTD classique, il
est d’environ 10 mins pour 400 angles d’illumination. En plus, par rapport au décalage
de phase, les fluctuations d’environnements ne perturbent pas le montage, les franges
d’interférences sont donc très contrastées et stables.

Au niveau de la reconstruction de l’objet, le petit angle du faisceau de référence par
rapport à l’axe optique permet de séparer largement l’image objet et l’image jumelle
dans le domaine de Fourier (Fig. 2.28). Un filtrage est ensuite utilisé pour sélectionner
uniquement les fréquences objet. Les fréquences jumelles seront éliminées, et l’image
de l’objet reconstruit devrait donc être de haute qualité. Actuellement, nous sommes en
train de reconstruire cette expérience, pour pouvoir placer l’échantillon horizontalement,
ce qui facilitera les acquisitions.

Ordre 0

Objet

Jumeau

Figure 2.28 – Séparation de spectre objet et jumeau en Fourier avec l’holographie hors
axe.

70

Off-Axis Holography 
The reference wave is angularly shifted => périodic modulation 

Fourier transform of the hologram splits the different orders: 

Spatial filtering : selection of order 1 
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Commercial DHM 
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Wavefront Analyser 

P. Bon, et al., Opt. Expr. 17, p. 13080 (2009) 

Phasics SID4Bio 
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Holographic Microscopy 

Measurement of the integral refractive index and dynamic cell 
morphometry of living cells with digital holographic microscopy  

B. Rappaz, et al., 
Opt. Express 13 (23), 9361-9373 (2005) 



10 

Coherent Light Diffraction 

Plane wave 

Diffracted wave Diffracted wave 

Plane wave 

+ 

1st Born approximation 
Weakly diffracting/diffusing/absorbing object 

The diffracted wave is interpreted as a part of  
the 3-D Fourier 3D transform of <n> 

Semi-transparent object reconstruction from holographic data 
E. Wolf, Opt. Comm. 1, p. 153 (1969) 
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Image Space / Fourier space 

Ks 

Kx 

Kz 

Frequency domain	


-Ki 

Ki 
 Ko 

Spatial domain	

 Ks = Ki =2π/λ 

 Ko=  Ks - Ki 

X 

Z 

NA 

•  Objective numerical aperture  Limitation of the detection angle 
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Holographic Miroscopy: Results 

5µm 

x 

y 
z 

1 angle	


x 

y 

x 

z 

Limited 3-D resolution 
 
Profilometry 
 
Integral measurements 
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Illumination Control: Consequences 

A radical solution: 
 
1 unique illumination direction! 

CCD 

Cellule CD34 - Image Georges Jung, Laboratoire d’Hématologie 
Centre Hospitalier Régional Emile Muller - Mulhouse 

€ 

Rfluo =
λ
2NA

€ 

Rtrans =
λ

(NAcond + NAobj )



14 

Tomography by Illumination Rotation 

•  Different angles of illumination  other object frequencies 
•  Large number of angles 

Ks 

Ko 

NA objective 

-Ki 

Ki 

NA condenser 

•  Condenser numerical aperture  Limitation of the illumination angle 

 Extended and filled frequency support 

Kz 

Kx 

•  Objective numerical aperture  Limitation of the detection angle 
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Tomographic Microscopy: Transmission 
laser 

objectif 

spécimen 
condenseur 

CCD 
Holographic microscopy and diffractive microtomography of transparent  
samples, M. Debailleul, et al., Meas. Sci. Technol. 19, 074009 (2008) 
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Object Reconstruction 

New angle 

Object frequencies 

projection 

 Hologram 

Wave 
front 

PSH 

2-D FT  
ki 

kd 

3-D image 
n+ik 

 3-D FT 

  

3-D 
frequency 

support 

addition 
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Holography / Tomography 

5µm 

x 

y 
z 

1 angle	


x 

y 

5µm 

372 angles	
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Carbon Mesh 
WF 

LSCM TDM 

SEM 
1 µm 

Rexp=130nm 
Rthe=113nm 
λdet=633nm 

Rexp=200nm 
λexc=543nm 
λdet>560nm 

High-resolution three-dimensional tomographic diffractive microscopy 
of transparent inorganic and biological samples 

M. Debailleul, et al., Opt. Lett. 34, p. 79 (2009) 
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Tomography => Index of Refraction 
Epithelial cells   

Indice  
Real part 

Indice 
Imaginary part 

10 µm 10 µm 

High resolution tomographic diffractive microscopy of biological samples 
M. Sarmis, et al., J. Biophotonics 3, p. 462 (2010) 
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Tomography => Index of Refraction 

4 µm 

Absorption 

4 µm 

Refraction 

False colour rendering: 
Red  : absorption 
Blue  : refraction 

x 

y 

x 

y 

Granulocytes 
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Workshop MiFobio 2012 – 2014 – 2016 
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Commercially available! 

See their website for interesting applications 
Several active groups in the world (Korea, Poland, Taïwan, 
France, Germany, Italy…). Workshop MiFobio 2018 
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Applications http://nanolive.ch 

cellular morphological changes 
induced by drug treatment 

nanodiamonds internalization  
& 3D distribution in living cells 
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Applications http://nanolive.ch 

Fission yeast 
(Schizosaccharomyces pombe) 

during division 

Fibroblast reticular cell seeded 
on glass nanopillars 
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Applications http://www.tomocube.com 

Cell  
apoptosis 

Bacterial 
growth 

HeLa cell Microalgae 
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Tomography by Wavelength Variation 

 kz 

 kx 
Recorded  frequency 

support in transmission   

•  No moving part 

•  Wide spectrum coherent sources ? 
•  Low gain in resolution 
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Phase Contrast Microscopy 

Source 

Image plane 

Objective back 
focal plane 

Phase plate  

Condenser 
aperture 

Annular diaphragm 

Nobel Prize 1953 Physics 
Frits (Frederik) Zernike 

"for his demonstration of the phase contrast method, 
especially for his invention of the phase contrast microscope". 

www.microscopyu.com 
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White-light diffraction tomography 

White-light diffraction tomography of unlabelled live cells 
T. Kim, et al. Nature Photonics 8, p. 256 (2014) 

+ Z-scanning 
+ data processing 

Fig. 3. 
Temporally incoherent ODT reconstruction illustration. (a) Coherent transfer function. (b) 
The 3D PSF in x–y (z = 0) and x–z (y = 0) planes obtained from the CTF. (Figure reprinted 
from Ref. [41].)

Jin et al. Page 28

J Opt Soc Am B. Author manuscript; available in PMC 2018 January 29.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



29 

Commercially available! 

See their website for interesting applications 
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Applications http://phioptics.com 
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ent to integrating the cross spectral density over v. Knowledge of the
spatial frequency response of our instrument, or coherent transfer
function (see Supplementary Section c) S(kx , ky, kz), allows us to
write the main result of our calculation (that is, the solution to
the inverse scattering problem) in terms of the measured data G12
and the instrument function (or the coherent transfer function) S
in the wavevector domain as

x k( ) = G12 k; 0( )
S k( ) (2)

In practice, the operation in equation (2) requires regularization, as
detailed in the Supplementary Section d. Transfer function S(k) is

given by
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where S is the optical spectrum of the imaging field as a function of
the wavenumber and Q =

%%%%%%%%%
b2 − k2

⊥
√

− b (see Methods and
Supplementary Section b). The three-dimensional PSF can be
obtained through an inverse Fourier transform of equation (3).

Qualitatively, S has a physically intuitive behaviour (Fig. 1b–e).
Specifically, its dependence on z is related to the optical spectrum
S(v) via a Fourier transform, meaning that a broader optical spec-
trum gives a narrower function, S(z). This relationship explains
the inherent optical sectioning capabilities of the instrument.

Measurementa

b

c

Measurement Deconvolution

Deconvolution SEM Confocal

Measurement Deconvolution

Figure 2 | WDT of RBCs. a, Measured z-slice of a spiculated RBC and the corresponding deconvolution using a ×40/0.75 NA objective. An SEM image and
a confocal of similar cells are shown for comparison. b, Three-dimensional rendering of the raw data and the corresponding three-dimensional deconvolution
(Supplementary Movie 1). c, A measured z-slice and the corresponding deconvolution result, showing the empty space between spicules on the RBC. Scale
bars, 2 mm in space. The reconstruction uses a z-stack of 100 images, each with 128 × 128 pixels, which requires about 5 min for sparse deconvolution.
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This type of optical gating, in which axial resolution is determined
by the coherence properties of the illumination light, has been
successfully applied in optical coherence tomography (OCT) of
deep tissues41,42. However, there are significant differences
between WDT and OCT. In OCT, the cross-correlation G12 is
resolved over a broad delay range, which provides the depth
dimension of the object. In WDT, the z-information is collected
by scanning the focus through the object. Most importantly, in
our method, the coherence gating works in synergy with the high-
numerical-aperture (NA) optics and thus allows for high-resolution
tomography. In other words, in WDT, coherence gating by itself
would not work at zero NA and, conversely, high-NA gating
would not work with monochromatic light.

We used broadband light from a halogen lamp and high-numeri-
cal-aperture objectives (×40/0.75 NA and ×63/1.4 NA), resulting
in optical sectioning capabilities suitable for high-resolution tom-
ography. Using high-NA objectives, polarization could play a role.
However, for weakly scattering, isotropic objects, this effect is neg-
ligible. The function S(kx , ky, kz) for our imaging system is illus-
trated in Fig. 1b,c. As expected, the width of the kz coverage
increases with kx , indicating that the sectioning is stronger for
finer structures or, equivalently, higher scattering angles. The struc-
ture of the object is recovered through a sparse deconvolution algor-
ithm (see Supplementary Section d). Figure 1d,e shows the
transverse and longitudinal cross-sections of the calculated and
measured S(x, y, z), which determine the final resolution.
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Figure 3 | WDT of E. coli cells. a, The centre frame of a z-stack measurement using a ×63/1.4 NA oil immersion objective. b, Deconvolution result of the
same z-slice as in a, clearly showing a resolved helical structure. c, Centre cut of the three-dimensional rendering of the deconvolved z-stack, which shows
both the overall cylindrical morphology and a helical subcellular structure (Supplementary Movie 2). d–f, Cross-sections of the measured z-stack (top row)
and the deconvolved z-stack (bottom row). Each figure label corresponds to the markers shown in a,b and is in the same scale as a,b. Scale bars, 2 mm. A z-
stack of 17 images, each with 128× 128 pixels is used for the reconstruction, which requires about 3 min for sparse deconvolution.
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Figure 4 | WDT of HT29 cells. a, A measured z-slice (top), a cross-section at the area indicated by the red box (bottom left) and a zoomed-in image of
the area indicated by the yellow box (bottom right), measured using a ×63/1.4 NA oil immersion objective. b, A deconvolved z-slice corresponding to
the measurement shown in a (top), a cross-section at the area indicated by the red box (bottom left) and a zoomed-in image of the area indicated by
the yellow box (bottom right). By comparing a and b, the resolution increase can be clearly seen. c, False-colour three-dimensional rendering of the
deconvolution result (Supplementary Movie 3). We used z-stacks of 140 images, each with a dimension of 640 × 640. Owing to the large image
dimension, the image is split into 25 sub-images for faster deconvolution. Overall, the deconvolution process took approximately an hour. Scale bars in
all panels, 5 mm.
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HT29 cell  Spiculated RBC  

Live neuron 
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Tomography / Fluorescence Comparison 

Tomography 
 red : index n > index immersion medium 

 
 

Fluorescence 
  
 
  

Snowdrop pollen 
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Non-Isotropic Resolution 
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Autofluorescence 
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Absorption Index of refraction 
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Tomography by Specimen Rotation 

•  Sample rotation may be difficult 
•  low NA => quasi-isotropic, but rather low resolution 
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Tomography by Specimen Rotation 

the three-dimensional refractive index map of the cell by
both the filtered back-projection algorithm and the dif-
fraction theory algorithm [22]. Both reconstruction algo-
rithms were implemented using Matlab. First, we defined
the phase of the projection for the back-projection
method and the Rytov field for the diffraction method,
and performed a Fourier transform over it. Figures 3(a)
and 3(b) show the results of the mapping of all projec-
tions on ky − kz plane of the Fourier space based on
the back-projection method and the diffraction method,
respectively. As can be seen from Fig. 3, part of the
Fourier space is not mapped in the diffraction method,
as opposed to the back-projection method, because of
the hemispheres that arise from the scattering of the
waves. On the other hand, the diffraction method takes
into consideration diffraction effects and does not simply

assume phase accumulation along straight lines, as as-
sumed in the back-projection method. After mapping
the projections to the Fourier space, a three-dimensional
inverse Fourier transform is performed, and the refrac-
tive index is extracted according to the reconstruction
method. The reconstruction process was performed off-
line and it lasted 32 s on 64-bit i5 CPU. Figure 4 shows
these refractive index reconstructions, as obtained by the
back-projection method [Figs. 4(a) and 4(b)] and by the
diffraction method [Figs. 4(c) and 4(d)]. Media 1 and
Media 2 show Z slicing throughout the reconstructed
three-dimensional refractive index map planes, as ob-
tained by the two reconstruction methods, whereas
the central Z slice is shown in Figs. 4(a) and 4(c). The
coinciding volumetric renderings from the two
reconstruction methods, obtained by ImageJ, are shown
in Figs. 4(b) and 4(d), and dynamic versions of these ren-
derings are shown in Media 3 and Media 4. It can be seen
that both algorithms present similar refractive index
values of the inner cell contents, between 1.34–1.39,
coinciding with the expected values for yeast cells [21].
The appearance of vacuoles, containing mostly water, is
noticeable. It is also shown that the nucleus has wan-
dered toward the spindle, which is one of the cellular
steps in preparation for mother-daughter separation.

To validate our TPM results, a time series of confocal
fluorescent images of yeast cells was obtained by the
hybridized optical setup, as shown in Fig. 5. The yeast
cells used expressed fluorescent proteins for the nucleus
and cytoplasm (htb2-mCherry/spc42-YFP); thus, the nu-
cleus fluorescent excitation/emission peaks were at
545/620 nm, and the cytoplasm fluorescent excitation/
emission peaks were at 500/545 nm. The main steps in

Fig. 2. Off-axis interferograms of yeast cells during 180° cell
rotation obtained by HOTs, with 5° angular resolution.
Examples for interferometric projections, taken at: (a) 0°,
(b) 45°, (c) 90°, and (d) 135°. The inset in the bottom right
shows a magnified area from the off-axis interference fringes
at the background. The white scale bar represents 5 μm upon
the sample.

Fig. 3. Mapping of the ky − kz plane of the Fourier space de-
rived from all projections, as based on (a) the back-projection
method, and (b) the diffraction method.

Fig. 4. TPM-based three-dimensional refractive index map of
yeast cells obtained by (a), (b) the back-projection method, and
(c), (d) the diffraction method. (a), (c) Central Z slice. See
Media 1 and Media 2 for all Z slices. (b), (d) Volumetric render-
ings. See Media 3 and Media 4 for 3-D rotation animations. The
background refractive index is n ! 1.33010" 0.00047. Note,
however, that the background is not a part of the TPM, since
it is not rotated with the cells. The white scale bar represents
5 μm upon the sample.

April 15, 2015 / Vol. 40, No. 8 / OPTICS LETTERS 1883

Tomographic phase microscopy with 180° 
 rotation of live cells in suspension by  

holographic optical tweezers 
M. Habaza, et al., Opt. Lett. 40, p. 1881 (2015)  

Problems and Solutions in 3-D 
Analysis of Phase Biological Objects  

by Optical Diffraction Tomography 
M. Kujawińska, et al.,  

Int. J. Optomechatronics 8, p. 357 (2014) 
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Tomography by Specimen Rotation 

Rapid 3D Refractive-Index Imaging of  
Live Cells in Suspension without Labeling  

Using Dielectrophoretic Cell Rotation 
M. Habaza, et al.,  

Adv. Sci., paper 1600205 (2016) 
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sorting following a blood test. The resulting 3D refractive-
index map of a T-cell is shown in Figure 6e,h. As can be seen 
in these figures, these cells are relatively small and have a large 
volume of the nuclear zone,[31,32] in comparison to the mono-
cyte shown in Figure 6f,i. As can be seen in the latter figure, 
monocytes present a relatively large and a less spherical shape, 

with larger nuclear and cytoplasmic vol-
umes. In contrast, neutrophils, shown in 
Figure 6g,j, are spherical and present a large 
cytoplasmic volume, corresponding to pre-
vious label-based imaging studies.[6] Figure 7 
presents various parameters for the three 
types of white blood cells measured. These 
include the cell total volume, nucleus to cyto-
plasm volume ratio, surface area, sphericity, 
dry mass density, and total dry mass. Note 
that different types of white blood cells have 
large variability in the values of these param-
eters. The nucleus and cytoplasm volumes 
were discriminated in 3D based on the char-
acteristic cell refractive-index values (T cells: 
nucleus, 1.4045 ± 0.0087, cytoplasm, 1.3748 ± 
0.0089; monocyte: nucleus, 1.3949 ± 0.0050, 
cytoplasm, 1.3777 ± 0.0085; neutrophils: 
nucleus, 1.4061 ± 0.0108, cytoplasm, 1.3759 ± 
0.0091). The nucleus refractive-index values 
presented above for white blood cells are the 
averaged refractive-index values on the entire 
nucleus, including the nucleoli. These values 
are higher than these obtained in previous 
reports for other types of larger cells,[1,11] in 
which the nucleoli area is excluded. Another 
possible reason is that white blood cells are 
small cells, in which the DNA of the nucleus 
is more condensed, and thus the refractive 
index of the nucleus in these cells is expected 
to be higher in comparison to other types of 
larger cells. In any case, our morphological 
results for the white blood cells coincide with 
those obtained by another group, which used 
the illumination rotation method,[6] and the 
nucleus morphology we obtained for each of 
the white blood cell types coincides with pre-
vious DNA staining results in white blood 
cells.[31,32]

We have focused here on the new 3D, 
label-free cell imaging modality for cells 
trapped in flowing conditions, rather than 
cell sorting. In the future, however, this 
technique might be integrated with sorting 
of cells of specific types based on decisions 
made on the resulting 3D cellular analysis. 
Still, sorting of a very large number of cells, 
such as separation of white blood cells 
from the other blood components in high 
throughput is out of the scope of the current 
technique.

5. Conclusion

In summary, we have developed a new label-free tomographic 
imaging approach for 3D refractive-index mapping of unat-
tached live cells in suspension, while temporally trapped and 
rotated. To our knowledge, this is the first time that tomography 

www.MaterialsViews.com
www.advancedscience.com

Adv. Sci. 2016, 1600205

Figure 6. a,b) Refractive-index maps of an MCF-7 cell at the mid-sagittal slice for using a full cell 
rotation around a single axis (a) and around two axes (b). The white arrows indicate details that are 
clearer when rotating the cell around two axes. c,d) 3D rendering (c) and rendered iso-surface plot 
(d) of the refractive-index map of an MCF-7 cancer cell. e–j) Refractive-index maps of three types of 
white blood cells at the mid-axial positions (e–g), and the coinciding rendered iso-surface plots of the 
refractive-index maps (h–j); (e,h) T cell, see also Supplementary Video 4 (Supporting Information); 
(f,i) Monocyte, see also Supplementary Video 5 (Supporting Information); (g,j) Neutrophil, see also 
Supplementary Video 6 (Supporting Information). 

Tomographic flow cytometry  
by digital holography 

F. Merola, et al.,  
Light: Science & Applications 6,  

paper e16241 (2017) 
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Missing Frequencies 
Recorded frequencies Missing part 

Rotation 
axis 

“Diffraction microtomography with sample rotation: influence!
of a missing apple core in the recorded frequency space”"
S. Vertu, et al., Centr. Eur. J. of Phys. 7, p. 22 (2009) 

u 

w 

v 

“Missing apple core” 
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Multiview Tomography 
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Multiview Tomography 

Improved and isotropic resolution in tomographic diffractive microscopy 
combining sample and illumination rotation 

S. Vertu, et al., Centr. Eur. J. of Phys. 9, p. 969 (2011) 
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Towards High NA, IsoResolution���
 Montage rapide du MTD en transmission

43 / 44Fast acquisition (less than 10s for 1 object orientation / 400 illuminations ) 
Real-time reconstruction for each object orientation (1 volume of data each 3s) 

λ=633nm or 475nm, NAobj=1.4, NAcond=1.4 
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Optical Fiber Tip (λ=475 nm Rpredicted=95nm) 

xy xz yz 

xy xz yz 

Sizex-y-z: 150 nm 
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Zeolith microcrystal 

(a): 1 view       (b-e) fusion of 8 views 

               1 view                      1 view deconvolved                fusion of 8 views 

5 µm 
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Betula Pollen 

http://www.vcbio.science.ru.nl 
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Betula Pollen 
Integrated dual-tomography for refractive index analysis of  
free-floating single living cell with isotropic superresolution 

B. Vinoth, et al., Scientific Reports 8, 5943 (2018)  
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Aydogan Ozcan’s group 
UCLA  

Lens-free optical tomographic 
microscope with a large imaging 

volume on a chip 
S. O. Isikman, et al., 

PNAS 1015638108 (2011) 
 

Low-cost microscopy/tomography 
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Low-cost microscopy/tomography 

Comparative study of fully three-dimensional reconstruction 
algorithms for lens-free microscopy 

A. Berdeu, et al., Appl. Opt. 56, p. 3939 (2017) 
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Drawback : Speed 

CCD CCD 

Incoherent 
Parallel 

⇒ Ultrafast  

Coherent 
Sequential 
=> Slow   

Intensity Microscopy: 
Transmission, 

Phase contrast, DIC… 

Diffractive 
Tomographic 
Microscopy 

1 2 … 

Not-quantitative 
Low-resolution 

Quantitative 
High-resolution 
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Fast 1-D Scanning!

“Tomographic phase microscopy” 
W. Choi, et al., Nat. Meth. 4, p. 717 (2007)  
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1-D Scanning!

“Image formation in holographic tomography” 
S. Shan Kou, and C. J. R. Sheppard, Opt. Lett. 33, p. 2362 (2008)  

“The overall shape takes a form of what we might call a “peanut.”	
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Acquisition   Reconstruction   Display 
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GPU Reconstruction 

Nvidia Tesla C2075, Cuda, FFTW : 3.5 3D images/s 
Tomographic diffractive microscopy: towards high-resolution 3-D real-time  
data acquisition, image reconstruction and display of unlabeled samples 

J. Bailleul, et al., Opt. Comm. 422, p. 28 (2018) 
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Other possible approach 
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Living COS-7 cell 

3D live cell imaging 

5 µm 
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OPD with spatially Incoh. Illum. 
+ 3D deconvolution 

  3D shape of the cell  
  Fast acquisition, compatible with live imaging (just a z-stack!)  

Z-stack 
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  Thin structures visible even after few tens of microns 
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Multimode Imaging 
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Conclusion 

High resolution imaging:   λ/(3.5NA) lateral 
experimentally demonstrated 

Challenges: 
- RT acquisition/reconstruction/display 
- polarimetric TDM 
- “true” superresolution? 
 

Unprepared samples => use of a new kind 
of information <n> 


